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Open access under CC BYWe propose a cord identiﬁcation technique for ultra-low bending loss ﬁber using higher order modes of
visible light. With this kind of ﬁber, bending losses are greatly reduced and it is difﬁcult to obtain sufﬁ-
cient leaked light with a conventional macro-bending technique. The bending loss of higher order modes
is several orders larger than that of fundamental modes. Higher order modes can exist at shorter wave-
lengths and their guiding loss is small when the ﬁber is not tightly bent. As a result, higher order modes
are suitable for cord identiﬁcation purposes with ultra-low bending loss ﬁber. We determined that the
LP21 and LP02 modes at 650 nm (red) and the LP31 mode at 532 nm (green) are the most effective for cord
identiﬁcation purposes. We employed an offset launch technique to excite higher order modes, and
achieved a sensitivity improvement of more than 14 dB. By using our method, a cord can be identiﬁed
by red or green light even with the naked eye.
 2013 Elsevier Inc. Open access under CC BY-NC-ND license. 1. Introduction mode [8]. However, it is difﬁcult to implement this technique forFiber to the home (FTTH) is becoming one of the most important
methods used for high-speed access networks [1]. A large number of
optical ﬁber cords and cables are installed in both customer build-
ings and central ofﬁces. Bend-insensitive ﬁbers (BIFs) are nowunder
intensive investigation since they can be tightly bent without a
noticeable loss increase [2–5]. This property helps facilitate network
maintenance by reducing the risk of a temporary communication
failure.Moreover, theuseof this kindofﬁber can reduce the required
accommodation space and greatly reduce running costs. For exam-
ple, hole-assisted optical ﬁber (HAF), which is a kind of ultra-low
bending loss BIF, has already become a popular choice for home net-
work wiring in Japan [6]. One barrier to extending its application
range is that there is no identiﬁcation method for this type of ﬁber.
Cord identiﬁcation is a required on-site procedure that is used
to prevent the incorrect connection of ﬁbers installed in central
ofﬁces [7]. Currently, the standard method is a non-destructive
macro-bending technique using 1650 nm light. However, bending
losses at this wavelength are greatly reduced together with that
of the communication wavelengths in ultra-low bending loss ﬁ-
bers. As a result, it is difﬁcult to use the macro-bending technique
to obtain sufﬁcient leaked power at a wavelength of 1650 nm. An
identiﬁcation method using a mechanically induced long-period
grating has been proposed. This is an effective method for realizing
mode conversion between the fundamental LP01 mode and the LP11-NC-ND license. cord identiﬁcation purposes because ﬁber cords have exterior pro-
tective structures, which effectively protect the ﬁber from the
shape deformation caused by periodically exerted pressure. There-
fore, if we can develop an identiﬁcation method, ultra-low bending
loss HAF cord may become an attractive transmission medium for
central ofﬁces and other applications because of its inherited
advantages as regards maintenance and reliability. We have pro-
posed a cord identiﬁcation technique for ultra-low bending loss ﬁ-
ber that uses the higher order modes of visible light [9]. Higher
order modes have bending losses that are several orders larger
than those of fundamental modes while maintaining a low guiding
loss in ultra-low bending loss ﬁbers. As a result, they are suitable
for cord identiﬁcation purposes with ultra-low bending loss ﬁber.
In this study, we employed a simple offset launch technique to
excite higher order modes and a macro-bending technique with an
optimized bending diameter to leak the light for cord identiﬁca-
tion. We optimized the wavelengths and the modes for cord iden-
tiﬁcation by undertaking a theoretical and experimental study. We
achieved a sensitivity improvement of more than 14 dB by using a
wavelength of 532 nm, which is 4 dB greater than that reported in
a previous study [9]. We also clarify that the higher order modes in
red and green lights can be employed for cord identiﬁcation with
the naked eye.2. Outline of cord identiﬁcation using offset launch technique
A schematic of our proposed cord identiﬁcation method is
shown in Fig. 1. Laser diodes emitting at visible light wavelengths
Fig. 1. (a) Schematic of proposed cord identiﬁcation method and (b) offset launch position.
Fig. 2. Image of HAF cross-section.
Fig. 3. Protective layer structure of HAF.
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lected using a coupling ﬁber. To stimulate higher order modes efﬁ-
ciently, the light from the coupling ﬁber is launched into the ﬁber
cord under test with their cores appropriately offset. At the test
point, the cord under test is bent to form a single circle with an
optimized diameter to intentionally leak light in higher order
modes, and a detector is placed next to the ﬁber to detect leaked
light. The key advantage of this method is that it is applicable to
a ﬁber cord with ultra-low bending loss and a cord can be identi-
ﬁed even with the naked eye without interrupting communica-
tions. Moreover, the method is simple and does not require
expensive equipment.
In this study, we focus on an ultra-low bending loss HAF with
six air holes for cord identiﬁcation application. Fiber cord using
this kind of HAF is commercially available and is called free bend-
ing optical cord. Its bending loss is less than 0.1 dB with a 2.5 mm
bending radius and 10 turns [10]. This kind of HAF is the only ultra-
low bending loss ﬁber in wide commercial use throughout the
world [6]. Its cross-sectional image is shown in Fig. 2. Its core
diameter and the refractive index difference between the core
and cladding at 1310 nm are around 8 lm and 0.35%, respectively.
The diameter of air holes and an inscribed circle linking them are
around 10 and 20 lm, respectively. In this study, we chose a pro-
tective structure exactly the same as that used for the ﬁber cord
in the distribution frame in central ofﬁces, which is called an inte-
grated distribution module [11]. The structure is shown in Fig. 3.
The yellow1 cord sheath and the colorless ultra violet curable resin1 For interpretation of color in Fig. 3, the reader is referred to the web version o
this article.fhave diameters of 1.1 and 0.5 mm, respectively. The space between
them is ﬁlled with high tensile strength ﬁber the same color as the
cord sheath.3. Estimation of bending loss properties of HAF cord
The main reason for using higher order modes for cord identiﬁ-
cation is that the light transmitted in fundamental modes in an ul-
tra-low bending loss ﬁber is designed to be strongly conﬁned
within the ﬁber core. We measured the bending loss spectra of a
4 m-long HAF cord using a white light source and an optical spec-
trum analyzer. The output light from the white light source in-
cludes higher order modes. We used bending kits to realize one-
turn bending circles with different diameters. The results are
shown in Fig. 4. The bending losses for wavelengths longer thanFig. 4. Measured bending loss spectra.
Fig. 6. Calculated bending loss spectra of higher order guiding modes.
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diameter of 10 mm. However, at wavelengths shorter than
900 nm, the guided light can be intentionally leaked by adding
an appropriate bend. The bending losses exceeded 1 dB for wave-
lengths shorter than 650 nm and a maximum bending loss of
2 dB was observed at 530 nm. This is because higher order modes
can exist in a shorter wavelength region.
To understand the bending loss characteristics in a shorter
wavelength region, it is necessary to study the bending loss of dif-
ferent guiding modes individually. First, we calculated the bending
loss spectra of HAF in the fundamental LP01 mode using a ﬁnite ele-
ment method. An equivalent straight waveguide approximation
was used to model the ﬁber bent in a full circle [12]. For compar-
ison, we also calculated that of a single-mode ﬁber (SMF) which
has same parameters of HAF by only omitting the six air holes.
The result is shown in Fig. 5. The bending losses of the SMF in-
crease quickly with wavelength. At a conventional cord identiﬁca-
tion wavelength of 1650 nm, the application of a 20 mm-diameter
circle can achieve a bending loss of 4 dB, which is three times lar-
ger than that for a 1550 nm communication light. Bending losses of
HAF also increase with wavelength. However, as-designed, it has a
negligible bending loss at the communication wavelength or even
longer 1650 nm maintenance wavelength. At 1650 nm, the bend-
ing losses with 20 and 10 mm circles were as small as 105 and
104 dB, respectively. This result agrees well with the experimental
ones in Fig. 4. When the bending diameter is 4 mm, the maximum
bending loss was observed at 610 nm with a value of 0.1 dB. This is
because the air hole is designed to assist light conﬁnement at the
communication wavelength, and the space between the air holes
is large enough for shorter wavelength light to escape. However,
a diameter as small as 4 mm is difﬁcult to realize and presents a
higher risk of mechanical fracture. As a result, it is difﬁcult to use
the conventional cord identiﬁcation technique.
Next, we calculated the bending loss spectra of the higher order
guiding modes of HAF with a 10 mm-diameter circle. The results
are shown in Fig. 6. These modes have a bending loss that is several
orders larger. However, the bending losses of the LP11 mode are
also less than 102 dB/turn which is not sufﬁciently large for cord
identiﬁcation purpose. The next three higher order modes are LP21,
LP02 and LP31 modes. The LP21 and LP02 modes have a similar cal-
culated cutoff wavelength at around 765 nm and the difference be-
tween their bending losses are less than one order from a
wavelength of 630–820 nm. As a result, we can treat them together
for cord identiﬁcation purpose. The LP31 mode has a calculated cut-
off wavelength at around 575 nm. Where, the cutoff wavelength is
deﬁned as the wavelength at which the calculated transmission
loss of speciﬁed mode becomes 1 dB/m [13].Fig. 5. Calculated bending loss spectra of fundamental guiding modes.In the visible wavelength region, for example 650 nm (red), the
bending loss of the LP11 mode is about 105 dB/turn. The bending
losses of the LP21 and LP02 modes are on the order of 0.1–1 dB/turn.
Another interesting fact is that there is a loss peak at around
700 nm and 620 nm for the LP21 and LP02 modes, respectively. To
understand this phenomenon, we calculated LP21 mode’s bending
loss of the SMF to make a comparison. The result is shown in
Fig. 7. At a wavelength shorter than 650 nm, the bending loss of
both SMF and HAF largely increase with the wavelength and the
addition of six air holes reduces the bending loss by three orders.
However, the loss peak observed at around 700 nm for the HAF
is not observed for SMF, which implies that the loss peak is re-
sulted from the addition of air holes. Conﬁnement effect of the
air holes is stronger for light with a longer wavelength may be
the reason of it. The LP21 and LP02 modes at a wavelength of around
700 nm are suitable for cord identiﬁcation purposes. At shorter
wavelengths, the LP31 mode can transmit with a low loss as long
as the ﬁber is straight. Their bending losses increase steeply with
wavelength. At a wavelength of 532 nm (green), for example, the
bending loss of the LP31 is 71 dB/turn, which is four orders higher
than that of the LP21 and LP02 modes. The results of theoretical
study explain that bending loss of modes with an order higher than
that of LP11 is the main contribute for the bending losses observed
at the visible region in Fig. 4. As a result, we can use the LP21 and
LP02 mode or LP31 mode for cord identiﬁcation purposes.
As described in Fig. 6, wavelengths of 532 and 650 nm are
promising candidates for cord identiﬁcation, and so we studied
the loss dependence on bending diameter at these wavelengths.
The results are shown in Figs. 8 and 9. To achieve a maximum
bending loss of about 101 dB/turn, diameters of 10 and 15 mmFig. 7. Calculated bending loss spectra of LP21 modes.
Fig. 8. Calculated bending loss at 532 nm as a function of bending diameter.
Fig. 9. Calculated bending loss at 650 nm as a function of bending diameter.
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532 nm (in the LP31 mode), respectively. However, the bending loss
is less than 103 dB/turn for the LP21 mode at 650 nm and LP31
mode at 532 nm when the ﬁber is bent at diameters greater than
15 and 25 mm, respectively. Moreover, the transmission loss of
HAF cords at 650 nm measured with OTDR is less than 7 dB/km.
These results imply that the higher order modes may be guided
over a sufﬁcient length and are suitable for cord identiﬁcation pur-
poses in central ofﬁces.
We measured the transmission loss of the cord sheath, the high
tensile strength ﬁber and the ultraviolet curable resin, and their to-
tal dependence on wavelength when the light transits a cross-sec-
tion of the HAF from the cord; their thicknesses in the HAF cordFig. 10. Measured loss spectra of protective structure.were 0.17, 0.02, 0.19 and 0.38 mm, respectively. The result is
shown in Fig. 10 [11]. The total loss was around 7 dB in the 500–
700 nm wavelength range, which is small in terms of affecting
identiﬁcation. On the basis of our theoretical and experimental re-
sults and taking the absorption characteristics of the protection
layer into consideration, we chose wavelengths of 650 and
532 nm for cord identiﬁcation and targeted leaked light in the
LP21 and LP02 modes and higher LP31 modes for cord identiﬁcation.
Moreover, the human eye is highly sensitive to red and green light.4. Experiment and results
As regards our proposal, it is desirable to launch as large as pos-
sible a portion of light in the LP21 and LP02 mode or the LP31 mode.
We used the offset launch technique depicted in Fig. 1 to realize se-
lected mode stimulation. First, the output light from the laser
diode was collected using a ﬁber with a cutoff wavelength of
754 nm. Then the collected light was coupled to the HAF using a
precision stage. Finally, we adjusted the launch position while
monitoring the collected leaked light power. To increase the mea-
surement accuracy, we used a bending kit with a grooved circle to
realize a speciﬁed single bend in the HAF cord. The bending kit has
a window beside the grooved circle and is directly connected to a
photonic detector via an adaptor. We placed the bending kit in a
black box when we were measuring the leaked light. We moni-
tored the power of leaked light when adjusting the offset position
to ﬁnd the most suitable position. For example, the largest leaked
power was obtained when the ﬁber center was offset by about
4 lm at a wavelength of 655 nm. Near ﬁeld patterns (NFPs) of a
4 m-long HAF in the same position are shown in Fig. 11. A typical
mixed NFP was observed for LP21 and LP02. Since the ﬁber is short,
we also observed lossy hexagonal cladding mode NFP. We used
this method for cord identiﬁcation experiments. We adopted cou-
pling loss as the factor with which to evaluate the leaked light
detection ability, which we deﬁned as the difference between the
output light power of the light source and the detected leaked light
power from a ﬁber cord. A coupling loss of less than 40 dB is a com-
mon value with the conventional cord identiﬁcation method.
We measured the coupling losses of the HAF cord using a laser
diode (LD) under both center launch and offset launch conditions
employing LDs with wavelengths of 444, 532, 655, 785, 850 and
1064 nm. All of the LDs operated in a single mode. A one-turn circle
with a bending diameter of 10 mmwas formed at a ﬁxed L of 49 m,
which was the distance from the input facet to where the ﬁber cord
was bent as shown in Fig. 1. The results are shown in Fig. 12. The
highest coupling efﬁciency was achieved at a wavelength of
532 nm with a lowest coupling loss of 36 dB using an offset launch
technique. This is almost the same wavelength at which the max-
imum bending loss was observed under the same bending condi-
tion in Fig. 4. The coupling loss was decreased by 14 dBFig. 11. NFP under different launch conditions at 655 nm.
Fig. 12. Wavelength dependence of coupling loss. Fig. 14. Measured coupling loss as a function of bending diameter at a wavelength
of 655 nm.
Fig. 15. Measured coupling loss as a function of L at a wavelength of 655 nm.
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a wavelength of 532 nm, light can propagate in the LP31 mode,
which has a larger bending loss than of the LP21 and LP02 modes
at a longer wavelength; and a comparatively lower absorption va-
lue for the protective layer than with the shorter wavelength.
655 nm is also a promising wavelength and provided a coupling
loss of 40 dB under offset launch conditions. For wavelengths
shorter than 444 nm and longer than 850 nm, the coupling losses
increase to greater than 48 and 45 dB, respectively, because of
the decrease in the bending losses and the increase in the absorp-
tion of the protective structure. By adopting an offset launch tech-
nique the coupling loss can be reduced by more than 10 dB for
wavelengths ranging from 532 to 850 nm.
We also measured the coupling losses of the HAF cord with var-
ious bending diameters at a ﬁxed L of 49 m using 532 and 655 nm
LDs. The output power of the laser diode was ﬁxed at 3 dBm. The
results are shown in Figs. 13 and 14. The offset launch technique
reduces the coupling loss by more than 10 dB and bending diame-
ters of 10 and 15 mm are capable of coupling sufﬁcient leaked light
with a coupling loss less than 40 dB at wavelengths of 532 and
655 nm, respectively.
Next, we measured the coupling losses of the HAF cord with
various bending diameters at a ﬁxed bending diameter of 10 mm
and a wavelength of 655 nm. The result is shown in Fig. 15. The
coupling loss for the center launch condition was about 52 dB
when Lwas larger than 30 m. However, with the offset launch con-
dition the coupling loss remained the same at a value of slightly
less than 40 dB when L was longer than 25 m. This is probably be-Fig. 13. Measured coupling loss as a function of bending diameter at a wavelength
of 532 nm.cause the lossy cladding mode generated by the offset launch con-
dition left the ﬁber within a distance of 20 m. In contrast, higher
order modes can be guided with a low transmission loss. Moreover,
these results suggested that the proposed method is sufﬁcient for
cord identiﬁcation applications over a longer reach.
Finally, we investigated the dependence of the collected identi-
ﬁcation (ID) light power as a function of the output power of a laser
diode at a ﬁxed bending diameter of 10 mm with L = 49 m. The re-
sult is shown in Fig. 16. The collected ID light power increased lin-
early with the output power for both wavelengths. By using a laserFig. 16. Collected ID light power as a function of output power of light source.
Fig. 17. Image of cord identiﬁcation procedure with a bending diameter of 10 mm.
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ID light power was larger than 45 dBm for wavelengths of both
532 and 655 nm, which is the minimum light power that can be di-
rectly observed with the naked eye under ordinary ofﬁce lumi-
nance. An example cord identiﬁcation experiment using a
532 nm laser diode is shown in Fig. 17. The output power of the la-
ser diode was set at 3 dBm and a single circle bent with a diameter
of 10 mm was formed. The detected leakage light power was
33 dBm. As shown in Fig. 17, the leaked light was bright and
could be easily observed under ordinary ofﬁce luminance with
the naked eye. The slopes of the results in Fig. 16 for two wave-
lengths differ slightly. This may be caused by differences between
the laser diodes themselves or by the slight difference in the
launch condition. Which wavelengths are better for the cord iden-
tiﬁcation application is dependent on the speciﬁc applicable dis-
tance, cost effectiveness, performance and even recognizability
with the human eye.
For the on-site application, we can integrate a visible light
source and a piece of launch ﬁber into a handy-type light source
for cord identiﬁcation purpose at a low cost. The launch ﬁber con-
tains a splice point under optimized offset position to maximally
increase the portion of light propagating in higher order LP21 and
LP02 or LP31 modes. Moreover, this technique is compatible with
the traditional cord identiﬁcation procedure. The visible light for
identiﬁcation can be conveniently launched into a ﬁber cord under
test through the existing port for maintenance without additional
procedure.5. Conclusions
We proposed a promising cord identiﬁcation technique using
the higher order guiding modes of visible light. This method may
help to extend the application range of ultra-low bending loss ﬁ-
bers. The LP21 and LP02 mode at a wavelength of 655 nm and the
LP31 mode at a wavelength of 532 nm were the most effective for
HAF cord identiﬁcation purposes. The stimulation efﬁciency of
higher order modes is increased by more than 14 and 11 dB with
a simple offset launch method for wavelengths of 532 and
655 nm, respectively. This method may be applied to other types
of ultra-low bending loss ﬁbers such as trench-assisted ﬁbers and
photonics crystal ﬁbers. With our method, a cord can even be iden-
tiﬁed with the naked eye.
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